Commercial-grade aurintricarboxylic acid (ATA) inhibits poly(A), poly(C) and viral RNA-directed DNA synthesis by detergent-disrupted virions of Moloney murine leukemia virus. Paper chromatography of crude ATA yields two active components, which appear to behave identically, and at least two inactive components. The concentration of ATA needed to inhibit polymerase activity is proportional to the concentration of viral protein. The inhibition is neither attributable to contaminating heavy metal ions in the ATA preparation nor to chelation by ATA of M n 2 + or Zn 2 + , the necessary co-factors. Inhibition of the polymerase reaction by ATA greatly increases the K^j for the primer [oligo(T)/ oligo(dG)], while it only slightly lowers the V^^^ and does not affect the Km's for the template [poly(A)/poly(C)] or the substrate (TTP/dGTP). Thus, ATA seems to reduce specifically the affinity of the polymerase for the DNA primer molecule.
INTRODUCTION
The tripheny line thane dye aurintricarboxylic acid (ATA) ' has been shown to inhibit protein synthesis in_ vitro 2 " 7 . This is accomplished at low concentrations by preventing the attachment of mRNA to ribosomes and at higher concentrations by inhibiting the elongation step in protein synthesis. ATA also inhibits Q3 replicase and the RNA polymerases associated with E^ coli, T7, and vesicular stomatitis virus by combining with the template binding sites on these enzymes, thus preventing initiation 8 " 10 . It has also been reported that Inc. were mixtures of oligomers with lengths from 13 1 to 18 nucleotides. Concentrations of poly-and oligonucleotides are expressed as concentrations of monomers.
Purification of DNA polymerase: Virus-associated DNA polymerase was prepared from purified Moloney leukemia virus by the method of Faras et^ al 13 .
Briefly, this method includes column chromatography of DEAE-cellulose, phosphocellulose, and gel filtration through Sephadex G-100.
Purification of the Inhibitor: "Aluminon" grade ATA, obtained from Fisher Scientific Co., was purified by two dimensional ascending chromatography on Whatman 3MM paper. The chromatogram was first developed in the aqueous phase, dried and then developed in the butanol phase of a 1-butanol, acetic acid, and water mixture (20:3:25) . Four visible components were evident: a large yellow, a purple and two separate red spots. There is also at least one non-inhibiting UV-absorbing component 8 Chelex-ATA refers to a preparation of "Aluminon" grade ATA which was passed through a column of Bio-Rad Chelex-100 to remove contaminating heavy metal ions.
H]thymidine
triphosphate. The source of the polymerase was purified, detergent-disrupted virions, unless otherwise specified. ATA and virus were preincubated for 10 min at 0° in tubes containing an incomplete reaction mix: i.e., a mix with all the components except one, usually poly(A) # oligo(T). The reaction was started after the 10 min period with the addition of the missing component and a shift to 37°. Incorporation of radioactivity into acid-insoluble material was measured after incubating for 10 min at 37°, by spotting either 20 yl or 40 yl onto Whatman 3MM paper discs and washing them as previously described 1 ".
BESULTS
Time course: Figure 1 shows that when DNA polymerase activity is assayed by the procedure described in Materials and Methods, the rate of incorporation is constant for twenty minutes. In subsequent experiments the incorporation at ten minutes is taken as a measure of this rate.
Stoichiometry: Figure Aliquots of the incomplete mix were added to tubes containing ZnSO,, and either water or ATA (untreated "Aluminon"), left at 0° for 10 min and shifted to 37° after the addition of poly (A) *oligo(T) . The concentration of viral protein was 5.8 yg/ml. The final concentration of ATA was 0.5 yM. Table 2 shows that low concentrations of EDTA (up to 100 yM) do not affect the inhibition by ATA. This result and the observations that crude ATA and
Chelex-ATA appear to have the same stoichiometry ( Fig. 2 ) and time course (data not given) indicate that the inhibition is not caused by heavy metal ions in the ATA preparation. Aliquots of the standard reaction mix were added to tubes containing the various amounts of ATA and oligo (T). After 10 min at 0 s , the tubes were transferred to 37° and incubated for an additional 10 min. The final concentration of viral protein was 11.8 ug/ml. Table 4 . Kinetics constants calculated from the data in Figure 7 . relative linearity of the lines in Figures 5 and 7 and the continual increase of Kg, with ATA concentration (Fig. 7) show that, to a first approximation, The fact that the Kj^ of the primer increases as the ATA concentration is raised suggests that ATA binds to the polymerase reversibly and reduces the binding of the primer 18 . If ATA bound irreversibly to the polymerase, the inhibited enzyme preparations would be mixtures of permanently inhibited and uninhibited molecules. In that case, the lines in Figure 5 would be biphasic, one section representing the inhibited molecules and the other the uninhibited.
We did not observe biphasic kinetics, although there is some curvature of the lines in Figure 5 at high ATA concentrations.
Previous reports dealing with ATA inhibition of KNA polymerase action concluded that, at low concentrations, ATA inhibits initiation of the polymerase reaction. These conclusions are inferred in part from the fact that FNA polymerase was less sensitive to ATA after the polymerization reaction had begun 3 . This analysis assumed that the RNA polymerase is a processive enzyme; that is, one which normally completes an RNA molecule before dissociating from the template and becoming available to a new template molecule. If the DNA polymerase were also a processive enzyme, one might expect that ATA might be able to inhibit the initiation (priming) of new DNA chains without affecting the elongation of partially completed molecules. However, the time course of incorporation before and after addition of ATA showed that incorporation ceased immediately upon addition of the inhibitor. This result is compatible with recent evidence that DNA polymerases, at least under in_ vitro conditions, are not processive enzymes 22 ' 23 .
